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Many homogeneously disordered superconducting films follow a Finkelstein mechanism : when
disorder combined to electron-electron interactions increase, there is a global decrease of the super-
conducting energy gap ∆ concomittant with the one of the critical temperature. Simultaneously, in
most films an emergent granularity develops with increasing disorder and results in the formation of
inhomogeneous superconducting puddles. By studying the local electronic properties of a NbN film
with scanning tunneling spectroscopy (STS) we show that the inhomogeneous spatial distribution
of ∆ is locally strongly correlated to a large depletion in the local density of states, associated to
a zero-bias anomaly (ZBA). By modelling quantitatively the measured ZBA variations, we show
that they correspond to local variations of the film resistivity. This local change in resistivity leads
to a local variation of ∆ through a local Finkelstein mechanism, furnishing a scenario explaning
quantitatively the emerged superconducting inhomogeneities.
Non-magnetic disorder was initially thought to have
little effect on the superconducting properties of con-
ventional thin films, as far as time-reversal symetry is
preserved [1, 2]. Decades of intense experimental and
theoretical works have ended to the opposite conclusion
showing that beyond a critical disorder all systems tran-
sit either to a metallic or to an insulating state [3–5].
For thin films that are not single-crystals [6] but consist
in coupled nanocrystals two different classes of systems
exist. A qualitatively different superconducting behavior
is observed between so-called granular and homogeneous
disordered thin films. In granular ones a poor electrical
coupling between the nanocrystals makes the film a disor-
dered array of Josephson junctions [5, 7–10]. Their super-
conducting properties are controlled by weak Josepshon
couplings between phases of local superconducting or-
der parameters of individual nanocrystals. In homoge-
neous ones the nanocrystals are much better electrically
coupled to each other. Their superconducting proper-
ties are controlled by the subtle interplay between the
non-magnetic disorder distribution and electron-electron
interactions [3, 4, 11–13].
In granular thin films the macroscopic critical temper-
ature Tc is suppressed when disorder grows and intergrain
coupling decreases, while the superconducting energy gap
∆ almost does not change [5, 7–10]. In contrast, in ho-
mogeneously disordered films macroscopic measurements
show that Tc and ∆ monotonously decrease with rising
disorder corresponding to kF l decreasing from a value
much larger than one toward unity [3, 4, 11–13] (kF being
the Fermi wavevector and l the elastic electron mean-free
path). This effect has been satisfactorily explained by a
reduction of the electronic screening upon increasing dis-
order and is called the “fermionic” mechanism [14, 15].
Many films like for example, Bi, Pb, MoGe, NbSi be-
have this way and follow the so-called Finkelstein scenario
down to the almost complete destruction of supercon-
ductivity [11, 12, 16–18]. Other non-granular thin films
like amorphous InOx or (strongly disordered) TiN show
different experimental signatures [19]: when disorder in-
creases the single-particle gap probed by tunneling decou-
ples from the Tc and a pseudogap emerges in a significant
temperature range above Tc [20–22]. These latter fea-
tures are believed to correspond to the so-called“bosonic”
scenario, where disorder localizes single-electron wave-
functions and provoke an “emergent granularity” in the
superconductor. This weakens and eventually destroys
the long-range phase coherence between neighboring su-
perconducting islands [4, 23, 24].
However reality is richer than these two limiting sce-
narios because most films present an interplay between
“fermionic” and “bosonic” effects. In the literature there
is a trend to consider that for weak to moderate disor-
der fermionic effects dominate, while bosonic ones take
over for stronger disorder. This kind of combined behav-
ior was seen in TiN [20]. Nevertheless there is a lack of
experimental data combining macroscopic and local mea-
surements on the same system to explore carefully this
interplay.
In this respect, we focus on NbN thin films. With
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2FIG. 1: (a) Square resistance of a 2.1 nm thick NbN film,
measured in the same stage where STM is performed. Tc is
defined when R reaches zero, leading to Tc = 3.8 K. (b)
Typical local dI/dV (V ) spectrum measured at T = 300 mK.
Set-point for spectroscopy V = −10 mV, I = 150 pA. (c)
Local dI/dV (V ) spectrum measured at the same location and
temperature as in (b) but on a larger voltage scale. The large
depletion of the LDOS seen around EF has a characteristic
V-shape due to electron-electron interaction effects enhanced
by disorder. The red (lighter) curve shows a power-law fit of
this V-shape dependence.
increasing disorder a continuous reduction of ∆ and
Tc occurs, following the Finkelstein picture, accompa-
nied by emerging and increasing gap inhomogeneities as
kF l decreases [25–27]. The development of these inho-
mogeneities together with the emergence of a pseudo-
gap regime above Tc were thought to be a signature
of “bosonic” effects being established at stronger disor-
der in this material [26, 27] (experimentally it is well-
developped for Tc ≤ 0.4 T bulkc and kF l ≤ 3), as well as in
TiN thin films [20]. In this work we show that in NbN
the emergent gap inhomogeneities can be explained by
the Finkelstein mechanism: local variations of resistance
lead to variations of local energy gap values. To support
this claim we provide a direct spatial cross-correlation be-
tween local superconducting gap maps and the mapping
of the Altshuler-Aronov suppression of the local density-
of-states (LDOS).
Our samples consist of ultrathin NbN films grown ex
situ on sapphire, structured in nano-crystals of lateral
size 2–5 nm [29]. We selected films having a Tc ≈
0.25T bulkc = 3.8 K, so that seeming “bosonic” properties
like gap inhomogeneities and pseudogap features have al-
ready developed. The nominal film thickness is about
2.1 nm. We studied their local superconducting prop-
erties by scanning tunneling microscopy/spectroscopy
(STM/STS) at 300 mK, using PtIr tips, in an ultrahigh
vacuum homemade set-up. The presented dI/dV mea-
surements were obtained by numerical derivation of sin-
gle I(V ) curves. Tc was extracted from in situ 4-points
electrical resistivity mesurements performed in the STM
stage during the same run as the STM/STS measure-
ments. The temperature dependence of the resitivity be-
fore the superconducting transition is shown in Fig. 1a.
STM topography measurements show that the film
surface is very flat (see Fig. 2a). The size of the ob-
served nanoscale structures correlate well with the size
of the nanocrystals. A characteristic dI/dV spectrum
measured locally is shown in Fig. 1b. It presents a fully
gapped LDOS with well-defined superconducting coher-
ence peaks. For energies larger than the ones of the co-
herence peaks, a strong background is seen instead of
recovering a standard normal DOS, as in the Bardeen-
Cooper-Schrieffer (BCS) case. Fig. 1c enables charac-
terizing this background: it presents a dI/dV spectrum
measured on the same location but over a wider energy
range about 20 times larger than ∆. We see that the tun-
neling LDOS is strongly reduced over an energy range
much larger than ∆. This zero-bias anomaly (ZBA) is
typical of systems where electronic correlations combined
to disorder reduce the tunneling DOS at the Fermi level
(EF ) [30, 31], an effect first theoretically explained by
Altshuler and Aronov.
Fig. 1c shows that for e|V |  ∆ the measured LDOS
follows a power-law as a function of the applied bias
voltage, dI/dV ∝ V α. Theoretically such a dependence
is expected in the framework of nonperturbative exten-
sion [32, 33, 43] of the Altshuler-Aronov theory [30, 31].
The main finding of our work is a systematic spatial
correlation between the local energy gap value ∆ and the
strength of the ZBA, quantified by the exponent α in the
power law dI/dV ∝ V α. At each square nanometer of
the 300 × 250 nm2 area shown in Fig. 2a, the local gap
value was extracted from the peak-to-peak distance in
3FIG. 2: Spatial cross-correlations between variations of local the superconducting gap ∆ and the ZBA exponent α. Measure-
ments done at 300 mK in zero magnetic field. (a) STM topography of a 300×250 nm2 area of the NbN sample (height variation
Z in nm). (b) Color-coded map showing the local energy gap ∆ (in meV) measured in area (a) by STS. (c) Color-coded map
showing the local exponent α in area (a). (d) Color-coded map showing the cross-correlation between the topography Z(x, y)
shown in (a) and the gap map ∆(x, y) shown in (b). No cross-correlations are found. (e) Histogram of ∆ values occuring in
(b). (f) Histogram of α values occuring in (c). (g) Color-coded map showing the cross-correlation between the gap map ∆(x, y)
shown in (b) and the exponent map α(x, y) shown in (c). A strong spatial anti-correlation is found: where local electron-electron
interactions are stronger (larger α(x, y)) ∆(x, y) is smaller and vice-versa. (h): Representative dI/dV spectra of the regions
seen in (b). Brighter (respectively darker) spectra are measured in brighter (darker) regions of panel (b). (i) Same spectra as
in (h) but over an energy scale 20 to 30 times larger than ∆. Brighter (respectively darker) spectra are measured in brighter
(darker) regions of panel (c).
each dI/dV curve. The extracted map of the gap values
is shown in Fig. 2b. The gap energy ranges between
1 and about 1.5 meV and its spatial distribution shows
emerging local inhomogeneities, as reported previously in
several similar systems [20, 26–28]. ∆ = 1.2 meV is used
below for the typical gap value.
We call supergrain a region with a nearly constant gap.
Its size lsg ≈ 30 nm is much larger than the low-T coher-
ence length ξ(0) ≈ 5 nm. The histogram of the gap values
is shown in panel 2e and is close to a Gaussian distribu-
tion. We provide now for the first time a local mapping
of the disorder distribution combined to electron interac-
tion effects which together are responsible for the spatial
distribution of the gap inhomogeneities. At each location
the gap value was measured, the local ZBA exponent α
was also extracted in the energy range [5;30] mV (the
slight asymmetry in our spectra between positive and
negative energies probably comes from a non-constant
tip DOS).
The map of the exponent α is presented in panel 2c
and its histogram in panel 2f. The correlation length of
α is lZBA ≈ 15 nm. The normalized cross-correlation
between the gap map and the exponent map is shown in
panel 2g. A very large anti-correlation of about −0.5 at
coincident points is found. This implies that the larger is
the local energy gap value ∆, the smaller is the local ZBA
exponent α, as illustrated on panels 2h and i. The dI/dV
spectrum with a large ∆ has a flatter ZBA background
(red curve), and vice versa (blue curve).
One could naively think a direct one-to-one correspon-
dence between the spatial distribution of the NbN nano-
crystals encoded in the STM topography and the gap
map or ZBA exponent map could exist. In fact we found
no cross-correlation between the local gap values and the
topography of the probed area (see panel 2d). This is
in agreement with our previous work [28]. In contrast,
4the present results furnish a new way of characterizing
locally and quantitatively the underlying disorder distri-
bution combined to electron interaction effects which lead
to the appearance of supergrains of size lsg.
The low-temperature value of the coherence length can
be estimated as ξ(0) =
√
~D/∆ ≈ 5.2 nm. It corre-
sponds to the diffusion coefficient D ≈ 0.5 cm2/s ob-
tained from dBc2(T )/dT data close to Tc, see Ref. [29].
With the mean free path l ≈ 0.5 nm [29], we find for the
elastic scattering time: τ = l2/3D ≈ 1.7× 10−15 s.
We present now a quantitative analysis of the data
in the framework of the Finkelstein theory modified for
the case of inhomogeneous local resistance. According
to Refs. [30–32, 43, 44] the tunneling DOS suppression
in an interacting diffusive normal metal, ν(E), is deter-
mined by the spreading resistance between the diffusive
scale and the field propagation scale (see details in [41]).
Relevant eV values (dozens of mV) are much smaller than
~/τ ≈ 0.33 eV, justifying well the diffusive regime. In the
2D geometry, the log-normal dependence of ν(E) [43, 44]
can be approximated by a power law with the energy-
dependent exponent α(V ) = (R/2piRQ) ln(~ω0/eV ),
where RQ = h/e
2 = 25.8 kΩ is the resistance quantum
and ω0 is the plasma frequency. Taking ~ω0 ≈ 10 eV from
Ref. [29], V = 10 mV (typical voltage scale for experi-
mental determination of α, see Fig. 1c) and R = 6.8 kΩ
(maximal sheet resistance Rmax before the transition, see
Fig. 1a), we obtain α = 0.29. This value is quite close
to the mean value 0.35 measured experimentally. The
small discrepancy could be related to the use of an un-
derestimated Rmax that is significantly affected by super-
conducting fluctuations, whereas the ZBA involves larger
frequencies, where this suppression is less efficient. We
conclude that the mean value of the ZBA exponent 〈α(r)〉
is well described by the theory developed in Refs. [43, 44].
The key point in our explanation of inhomogeneity
seen in α(r) and ∆(r) is an assumption that both of
them originate from fluctuations in the local 2D resis-
tivity ρ(r) = R+ δρ(r). Using the concept of spreading
resistance to calculate δα(r, V ), we obtain (see [41]):
δα(r, V ) =
δρ(r)
2piRQ
ln
eV
~D/l2ZBA
. (1)
Using the experimentally measured dispersion of the
ZBA exponent σα = 0.028 (see panel 2f), its correla-
tion length lZBA ≈ 15 nm and taking V = 10 mV, we
find eV/(~D/l2ZBA) ≈ 70 and hence obtain the sheet re-
sistance dispersion σρ = 1.1 kΩ, which is 16 % of R
max
 .
Suppression of the superconducting order parameter
in regions with larger local resistivity is explained by the
Finkelstein mechanism. In general, one should distin-
guish between fluctuations coming from small (q < qD)
and large (q > qD) momenta, where qD =
√
ωD/D with
ωD the Debye frequency. For our NbN film we estimate
~ωD ≈ 300 K, qD ≈ 1 nm−1. The low-momentum con-
tribution is given by the usual log-cube 2D expression
δ∆(r)
〈∆〉 ≈ −
δρ(r)
6piRQ
ln3
~ωD
∆(0)
, (2)
cut off at the Debye frequency [41]. The high-momentum
contribution can be expressed in terms of the renormal-
ization of the BCS coupling constant λ(r). Substituting
the resistivity dispersion σρ = 1.1 kΩ into Eq. (2), we
obtain for the relative gap dispersion σ∆/ 〈∆〉 = 0.074,
whereas the experimental value is 0.057 (see panel 2e).
Note that Eq. (2) contains a large degree of uncertainty:
the precise value of ~ωD being unknown, σ∆ can only be
determined with roughly 50 % accuracy. Nevertheless,
the fact that Eq. (2) nearly describes the measured gap
dispersion indicates that the high-momentum contribu-
tion to fluctuations of ∆(r) is absent. This behavior could
be modeled by a fluctuation of the 2D resistivity due to
interface resistance variations between neighboring crys-
tallites, while the 3D resistivity within each crystallite
remains identical.
We have shown that local probe spectroscopic studies
are able to demonstrate a direct relation between proper-
ties of the electronic excitation spectrum pertinent to the
lowest-energy scale: the superconducting gap (∼ 1 meV)
on one hand, and to much higher (few dozens of meV)
energy scales relevant to the soft Coulomb anomaly. This
supports the relevance of “fermionic mechanism” and
Finkelstein theory for superconductivity suppression by
disorder. However we point out that for our ultrathin
film the ratio ∆(0)/kBTc ≈ 3.7 is twice larger than the
BCS theory prediction 1.76, and significantly larger than
the value of 2.1 known for thick NbN films [29]. It could
be partly due to thermal fluctuations which suppress Tc
with respect to its mean-field value T
(0)
c . However the
whole effect appears too strong and an additional con-
tribution to the total spectral gap likely comes from a
developing “pseudo-gap” effect [22].
In conclusion, we demonstrate sharp spatial anti-
correlations in highly resistive NbN thin films between
the local magnitude of the superconducting energy gap
∆ and the value of the Coulomb zero-bias anomaly ex-
ponent α. Our results are in agreement with predictions
of the Finkelstein theory for “fermionic mechanism” of
superconductivity suppression by disorder. This is gen-
erally expected for superconducting materials when: (a)
a strong Coulomb interaction exists between conduction
electrons, and (b) the spatial scale characteristic of the
inhomogeneities of the Coulomb zero-bias anomaly much
exceeds the superconducting coherence length.
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